Introduction
The purpose of this study was the development a foot joint skeletal model using the finite element method for the analysis of physical exercise, sports injury and footwear design. Several researchers reported some studies about a foot joint skeletal model used for stress analysis using 2D or 3D finite element method (Beaugonin and Haug, 1996; Jacob et al., 1996) . The stress distribution in the foot depends on the geometry and structure of the foot model. Hence, it is necessary to model the foot in all the three dimensions in order to provide a more realistic representation. The majority of finite element problems uses implicit methods to carry out a linear static analysis and a transient analysis. Static problems can be usually analyzed quasi-statically, but the technique is only cost effective if the problem incorporates significant nonlinearities. The time step of the implicit analysis must subdivide the shortest natural period of interest in the structure, but that of explicit analysis must subdivide the shortest natural period of the mesh. Therefore, in this study, the linear static analysis was used for the implicit time integration code, and the dynamic transient analysis was used for the explicit time integration code. 
Method
The basic shape of the finite element foot joint model was described using a commercial foot skeletal model for computer graphics and anatomical data, and the solid model was defined after simplifying that model. The axis system of the model is chosen such that, with respect to the foot, the X-axis is horizontal and in the external-internal direction, the Y-axis is vertical along the tibia pointing in the upward direction and the Z-axis completes the right-handed rectangular coordinate system.The hard tissue parts of this foot model consisted of 23 bone models such as the calcaneus, matatarsal, etc., and the soft tissue parts that were modeled consisted of 15 joint models such as the talocalcanean (subtalar) joint, calcaneocuboid joint, etc. The ligaments and retinacula were not geometrically represented, consequently, the stiffness of the soft tissue parts were estimated including the function of the ligaments and retinacula. The finite element meshes were made from the solid model using a commercial pre-post processor (MSC.Patran), and the linear static analysis was solved using an implicit FEM code (MSC.Nastran). More over, the dynamic transient analysis was performed using an explicit FEM code (MSC.Dytran). As material properties, the Young modulus of the hard tissue of the finite element foot joint model was 7.3 KPa, and Poisson ratio was 0.3 (S. Jacob et al., 1996) . The Young modulus of the soft tissue was defined for 5 cases from 1 Pa to 5 Pa at intervals of 1 Pa in the linear static analysis. As the boundary condition, a vertical load of 300 N was defined on the trochlear surface of the talus. The bottom of the calcaneus and the head of the matatarsal were constrained. For the dynamic transient analysis, the Young modulus of the soft tissue was defined by higher values, and added mass including the muscles, retinacula, skin, etc. The initial vertical velocity at impact was -1.0 m/s. The initial rotational velocity were 0 rad/s and 8.7 rad/s.
Results and Discussion
In the experiment using a cadaver foot, the displacement of the inside arch height by a vertical load (300N) was 2.90 mm, while the same result for Case 4 of this study was 2.70 mm. The plantar flexion angle of the calcaneus of the cadaver was 1.8 deg. while that for Case 4 was 3.0 deg. It seems that, in this simulation model, the stiffness of the soft tissue is slightly lower than that of a real human foot (cadaver). It is considered that the motion pattern of the foot model during vertical loading is qualitatively similar to that of the experiment. In the vertical drop test simulation, the contact time of the foot model and the floor model was approximately 22 ms, and the vertical peak force approximately 8400 N (for the model weight of 60 kg) suggesting that the experiment represents a good approximation of real life (Nishiwaki and Nasako, 1998) . However, the vertical peak force for this boundary condition was much higher than that reported for real human running (Nigg, 1986 ; Lafortune and Lake, 1995) . The vertical peak force of translation with an inclined initial position (0.26 rad) was lower than that for an upright initial position (0 rad). Also, the vertical peak force associated with translation and rotation with an inclined initial position (-1.0 m/s and 8.7 rad/s) was lower than that of translation alone (-1.0 m/s and 0 rad/s). It seems that, in this simulation, rotational motion of the foot and leg reduces the vertical peak force at impact (Table 1) . It was observed that in both the linear static analysis and dynamic transient analysis, the highly stressed regions were the metatarsals, the navicular and the calcaneus (Fig. 1 ). 
